Evidence from randomized controlled studies shows that reconceptualizing pain improves patients' knowledge of pain biology, reduces catastrophizing thoughts, and improves pain and function. However, causal relationships between these variables remain untested. It is hypothesized that reductions in catastrophizing could mediate the relationship between improvements in pain knowledge and improvements in pain and function. To test this causal mechanism, we conducted longitudinal mediation analyses on a cohort of 799 patients who were exposed to a pain education intervention. Patients provided responses to the neurophysiology of pain questionnaire, catastrophic thoughts about pain scale, visual analogue pain scale, and the patient specific functional scale, at baseline, 1-month, 6-month, and 12-month follow-up. With adjustment for potential confounding variables, an improvement in pain biology knowledge was significantly associated with a reduction in pain intensity (total effect 5 22.20, 95% confidence interval [CI] 5 22.96 to 21.44). However, this effect was not mediated by a reduction in catastrophizing (indirect effect 5 20.16, 95% CI 5 20.36 to 0.02). This might be due to a weak, nonsignificant relationship between changes in catastrophizing and pain intensity (path b 5 0.19, 95% CI 5 20.03 to 0.41). Similar trends were found in models with function as the outcome. Our findings indicate that change in catastrophizing did not mediate the effect of pain knowledge acquisition on change in pain or function. The strength of this conclusion is moderated, however, if patient-clinician relational factors are conceptualized as a consequence of catastrophizing, rather than a cause.
Introduction
The process that underpins pain is not simply a direct response to injury or pathology, but is a complex evaluation of nociception and other sensory cues. 29 Pain can be conceptualized as an output into consciousness that motivates a person to take protective action to moderate danger or threat. 28, 30 Empirical evidence suggests that a range of factors have a fundamental role in the generation of a painful experience, and manipulating those factors can modulate pain. 1, 33 For example, altering the threat value of a noxious input by changing the meaning that is associated with it can modulate pain. The clinical application of this is captured in educational interventions that aim to reconceptualize patients' knowledge about pain biology-so called "Explaining pain"-to reduce their pain. 34 Evidence from randomized controlled studies shows that explaining pain improves knowledge about pain biology, 8, 27, 32 reduces catastrophizing, 8, 27, 35 reduces pain, 32, 38, 42 and improves function. 35, 36, 38 However, evidence to explain how changing a patient's knowledge of pain biology might reduce pain and improve function is limited. That is, the mechanisms by which pain reconceptualization results in less pain and better function are unknown.
Catastrophizing is a maladaptive cognitive process, whereby aspects of a painful experience are interpreted as signaling the worst possible outcomes. 7, 48 That is, the threat value of noxious input or perceived danger is magnified or overestimated. 48 Considering that pain is fundamentally dependent on an evaluation of threat value, catastrophizing is thought to worsen pain by enhancing the efficacy of the neural mechanisms that underpin it. 52, 59, 62 A systematic review of observational studies has shown that catastrophizing predicts pain intensity and functional capacity in patients with low back pain 60 ; a finding that has also been reported in neuropathic pain, 50 chronic temporomandibular joint pain, 57 pain of soft tissue injuries of the shoulder, neck and back, 51 and osteoarthritis. 16 Despite compelling evidence for a predictive effect, there is only preliminary evidence for a causal effect of catastrophizing on pain and function. 52 Although correlations between pain knowledge, catastrophizing, and pain or function have been found in previous studies, 22, 34, 61 no study has formally tested the role of catastrophizing on the causal path between knowledge and pain or function. This mechanism by which improvements in pain knowledge lead to reduced pain and better function, through reductions in catastrophizing, can be tested using mediation analyses. 11 Understanding this mechanism is important for the development and refinement of educational interventions that aim to reconceptualize patients' knowledge about pain biology.
We hypothesized that change in catastrophizing would mediate the relationship between (1) an initial improvement in pain biology knowledge and subsequent reduction in pain intensity and (2) an initial improvement in pain biology knowledge and subsequent improvement in function.
Methods

Participants and procedures
Data used in this study were collected as part of a clinical audit conducted across Australia, U.S., and United Kingdom between 2001 and 2010. Eleven clinicians (9 physiotherapists and 2 psychologists) from 7 clinics (4 primary access physiotherapy clinics, 2 physiotherapy departments of private hospitals, and 1 physiotherapy department of a multidisciplinary pain unit) were involved in the audit, where each patient was treated by a single clinician (ie, no patient was treated by more than one clinician). Potential participants were either selfreferred or referred through primary care general medical practitioners or other departments (orthopedics and rheumatology) of the private hospitals.
We included patients with chronic pain (pain duration greater than 3 months) who could read and write English, and were 18 years of age or older. We excluded patients who had undergone surgery in the preceding 3 months to consultation, had a current diagnosis of cancer, complex regional pain syndrome, phantom limb pain, a psychiatric disorder (not including depression or anxiety), a neurological disorder (multiple sclerosis, Parkinson's disease, dementia, spinal cord injury or stroke), or whose primary complaint was migraine or headache.
All eligible participants received a face-to-face group-based pain education intervention, delivered over 2 to 3 sessions, each session ranging between 30 and 60 minutes in duration. The intervention aimed to reconceptualize the patients' understanding of pain by explaining the biological mechanisms that underpin nociception and pain. 4 The intervention was delivered between baseline and 1-month follow-up. No formal attempt to standardize the intervention was made, however, all clinicians completed very similar training and were involved in mentoring with the same mentor throughout the data collection period. This mentoring involved discussion of cases and strategies, but there was no formal assessment of aptitude nor standardization of material or performance. Only those patients who provided complete follow-up data were included in the analyses.
The University of South Australia Human Research Ethics Committee provided ethical approval to access and analyze the deidentified clinical data.
Measures
Participants were assessed at baseline (T0), 1-month follow-up (T1), 6-month follow-up (T2), and 12-month follow-up (T3). All of the following variables were measured at all 4 time-points (Fig. 1). 
Pain biology knowledge
The neurophysiology of pain questionnaire (NPQ) (Appendix 1: http://links.lww.com/PAIN/A209) 32 was originally designed to assess postgraduate medical students' understanding of pain mechanisms. The language of the original NPQ has been adapted for patients, and is used in clinical practice and research to assess knowledge about the biology of pain. The NPQ includes 9 true and 10 false statements. 21 It has 7 items, each scored on an 11-point numeric rating scale. The total score ranges from 0 to 70, with higher scores indicating greater levels of catastrophizing. Preliminary analyses of the psychometric properties of the CATS was undertaken on pilot data collected from 131 people (112 reporting that they suffered from chronic pain) who were attending a public lecture on "understanding pain," in Oxford, United Kingdom. These data suggest that the CATS has high internal consistency (Cronbach's alpha 5 0.91) and correlates strongly (r 5 0.80) with scores on the pain catastrophizing scale (PCS). 49 
Pain intensity
The 100-mm visual analogue scale assesses pain intensity. 41 In response to the following question: "What was your average pain level over the last 2 days?", the patient is asked to place a mark on a 100-mm horizontal line anchored by the statements "no pain" and "pain as bad as it can be." The distance between the "no pain" anchor and the patient's mark is measured to determine the score. This scale has high test-retest reliability (ICC 5 0.97). 2 
Function
The patient specific functional scale assesses functional capacity. 47 Patients are asked on initial assessment to pick 3 to 5 activities they were unable to do or had difficulty with due to their pain. Then they rate their ability to do those tasks on an 11-point numeric rating scale, where 0 5 unable to perform activity, and 10 5 able to perform activity at the same level as before injury or problem. The score is calculated by summing the scores from each activity, then dividing the sum by the number of activities. The final score is expressed as a percentage of the possible maximum score. This scale has high test-retest reliability (ICC 5 0.91), 26 and acceptable validity and responsiveness in a range of musculoskeletal pain conditions. 17 
Analysis
To test whether change in catastrophizing mediates the relationship between change in pain biology knowledge and change in pain or function, we conducted longitudinal mediation analyses using change scores (see section 2.3.1). We identified potential confounders by using a theory-driven approach and tested mediation models that were adjusted and unadjusted for selected covariates (see section 2.3.2). To explore the temporal sequence of our hypothesized mechanism, we tested 3 alternative models with alternative temporal sequences of the change in exposure, mediator, and outcome (see section 2.3.3). Separate analyses were conducted for pain and function outcomes.
Longitudinal change score analyses
We calculated change scores (D) for pain biology knowledge, catastrophizing, pain, and function, as the difference between measures at 2 selected time points (Fig. 1) . We specified an initial change in knowledge (DT0-T1) as the exposure, intermediate change in catastrophizing (DT1-T2) as the mediator, and late change in pain (DT2-T3) as the outcome. This analysis was repeated with late change in function (DT2-T3) as the outcome.
In this mediation analysis, the total effect is quantified by the association (correlation coefficient) between an initial change in knowledge (DT0-T1) and late change in pain or function (DT2-T3). This total effect is decomposed into direct and indirect effects. The indirect effect is the path that is mediated through an intermediate change in catastrophizing (DT1-T2), and the direct effect is the total effect minus the indirect effect. The indirect effect is quantified by the product of path a (association between an initial change in knowledge and intermediate change in catastrophizing) and path b (association between an intermediate change in catastrophizing and later change in pain or function, adjusting for the initial change in knowledge).
All mediation analyses were conducted with the PROCESS macro (http://www.processmacro.org/index.html) based on ordinary least squares linear regression. 40 This macro was used to estimate the total, direct, and indirect effects with biascorrected 95% confidence intervals using 1000 bootstrapped resamples. Associations are reported as unstandardized b coefficients. All analyses were conducted using IBM SPSS Statistics for Windows, version 22.0 (IBM Corp, Armonk, NY).
Identification of potential confounding variables
Potential confounders were identified using directed acyclic graphs (DAGs) 43 that represent the hypothesized causal relationships between the variables of interest (Appendices 3 and 4). Directed acyclic graphs are one example of a "structural approach" to causal inference. The following constructs were identified as potential confounders of the indirect, direct, and total effects: pain duration (months), diagnosis, patients' expectation of outcome (11-point numeric rating scale), and patients' perception of the clinician (empathy, attentiveness, and expertise-each rated on an 11-point numeric rating scale). 35, 37 In the adjusted models, we statistically controlled for these potential confounders. In the unadjusted models, we did not account for these potential confounders.
Sensitivity analysis for temporal precedence
To rule out the possibility of reversed causal paths, we tested 3 alternative mediation models for each outcome (pain and function). These three alternative models tested whether the change in the mediator precedes the change in the exposure (model 1), change in the outcome precedes the change in the mediator (model 2), and change in the outcome precedes the change in the exposure (model 3). These models are summarized in Table 1 . If significant indirect effects were found for any of the 3 alternative models we would conclude that the data supports an alternative temporal sequence. This approach of testing alternative causal sequences to explore the robustness of the primary analyses has been demonstrated in other research areas. 
A priori decision plan
We decided a priori to accept the overall hypothesis if the adjusted longitudinal change score analysis showed a significant indirect effect through catastrophizing, and all 3 alternative models showed nonsignificant indirect effects. If the adjusted longitudinal change score analysis indicated a nonsignificant indirect effect, or if at least one of the alternative models indicated a significant indirect effect, we decided to conclude against the overall hypothesis. We published and locked our a priori protocol before commencing the analysis (http://www.bodyinmind.org/ resources/protocols/statistical-analysis/catastrophizing-pain/). It is plausible that the reduction in catastrophizing may have occurred during treatment (ie, earlier than the hypothesized change period-between 1 and 6 months). To explore whether an "early" change in catastrophizing (DT0-T1) mediates the relationship between an early change in pain biology knowledge and late change in pain or function, we conducted a separate longitudinal mediation analysis using the same procedure as described in section 2.3.1.
Residual change score analysis
Residual change scores express "change" in a variable across 2 time-points, while taking into account the variance in a measure predicted by the baseline measure of the same variable. Because residual change scores also take into account random error, it can yield different results to analyses that use raw change scores.
To assess consistency in the mediation models, we repeated the main analysis (section 2.3.1) using residual change scores.
The influence of outcome expectancy as a potential confounder
Conceptually, outcome expectancy is closely related to catastrophizing ("a maladaptive cognitive style that focuses on irrational forecasting of future events" 7 ). Therefore, adjusting for outcome expectancy could reduce the contribution of catastrophizing to the indirect effect. To explore this, we tested, post hoc, 2 "adjusted" mediation models. The first model included outcome expectancy as a covariate, and the second model did not. All other covariates identified by the DAG were retained in the model.
The influence of clinician attributes as a potential confounder
There is some evidence to suggest that interpersonal dimensions of catastrophizing might influence patient-therapist relational factors such as perceived empathy, expertise, and attentiveness of the clinician. 18 Therefore, adjusting for clinician attributes could reduce the contribution of catastrophizing to the indirect effect. To explore this possibility, we tested post hoc, 2 "adjusted" mediation models. The first model included clinician attributes (empathy, expertise, and attentiveness) as covariates, and the second model did not include these factors. All other covariates identified by the DAG were kept in the model.
Results
Participants
Participant flow is presented in Figure 2 . From a total sample of 867 potential participants, 799 cases were included in the final analysis. Participants' ages ranged from 18 to 70 years (mean 5 43.07, SD 5 10.98) and 63% were female. All participants were diagnosed with a chronic pain condition that lasted for longer than 3 months (52% were diagnosed with spinal pain with or without neuropathic pain; 22% with neuropathic pain only; 17% with fibromyalgia or general widespread pain; and 9% with upper-limb pain). Pain duration ranged from 3 to 143 months (mean 5 54.83, SD 5 29.60) ( Table 2 ).
Change scores
Initial (DT0-T1), intermediate (DT1-T2), and late (DT2-T3) change indices for pain biology knowledge, catastrophizing, pain, and function are presented in Table 3 , and visually represented in Figure 3 . Table 4) . Reported parameters are unstandardized b coefficients.
In the adjusted model, an initial improvement in pain biology knowledge was significantly associated with later reduction in 
Function as the outcome variable
In the unadjusted model, an initial improvement in pain biology knowledge was significantly associated with later improvement in function (total effect 5 1.70, 95% CI 5 1.25-2.15). This effect was not mediated by a reduction in catastrophizing (indirect effect 5 0.09, 95% CI 5 20.01 to 0.21). This is likely due to a nonsignificant relationship between changes in catastrophizing and function (path b 5 20.11, 95% CI 5 20.22 to 0.01) ( Table 4) . In the adjusted model, an initial improvement in pain biology knowledge was significantly associated with later improvement in function (total effect 5 2.29, 95% CI 5 1.84-2.73). This effect was not mediated by a reduction in catastrophizing (indirect effect 5 20.01, 95% CI 5 20.11 to 0.11). This is likely due to a nonsignificant relationship between changes in catastrophizing and function (path b 5 0.01, 95% CI 5 20.13 to 0.12).
A priori sensitivity analysis for temporal precedence
The total effect, direct effect, indirect effect, path a, and path b for the alternative models are presented in Table 5 . None of the 3 alternative models for each outcome (pain and function) showed significant indirect effects.
3.4. Post hoc sensitivity analyses 3.4.1. Change in catastrophizing from baseline to 1-month as a mediator Both unadjusted and adjusted models showed that an early change in catastrophizing does not mediate the relationship between an early change in pain biology knowledge and late change in pain or function (Appendix 6.1: http://links.lww.com/ PAIN/A214).
Residual change score analysis
The residual change score analysis yielded similar results to the raw change analysis. The results are reported in Appendix 6.2.
The influence of outcome expectancy as a potential confounder
Removing outcome expectancy as a potential confounder did not influence the indirect effects in the adjusted models for pain or function (Appendix 6.3).
The influence of clinician attributes as a potential confounder
With changes in pain as the outcome, the inclusion of clinician attributes as a covariate reduced the magnitude of the indirect effect through catastrophizing such that it was no longer significant (indirect effect 5 20.16, 95% CI 5 20.36 to 0.02). However, when clinician attributes were not included as covariates, the indirect effect through catastrophizing reduced, but still remained significant (indirect effect 5 20.36, 95% CI 5 20.60 to 20.13). With function as the outcome, removal of clinician attributes as a covariate did not influence the indirect effect (Appendix 6.4).
Discussion
Main findings
Changes in catastrophizing did not mediate the relationship between improved pain biology knowledge and improved pain or function in the adjusted models. The adjusted models showed that an initial improvement in pain biology knowledge led to a reduction in pain, an improvement in function (total effects), and a reduction in catastrophizing (path a). However, the reduction in catastrophizing neither lead to a reduction in pain, nor an improvement in function (path b). This resulted in a small and nonsignificant indirect effect through changes in catastrophizing.
Interestingly, our first hypothesis (that changes in catastrophizing would mediate the relationship between changes in pain biology knowledge and pain) was supported by the unadjusted model, but was not supported by the adjusted model. One possible explanation for the discrepancy in the results from the unadjusted and adjusted models could be due to the effects of confounding variables. Because consideration of confounding is critical for causal inference from observational data, we adjusted for selected covariates to ensure that any indirect effects 12 Therefore, we used a theory-driven approach to hypothesize a causal structure for the relationships between the variables, and identified potential confounders using DAGs. 43 Adjusting for covariates in mediation models can affect the total, direct, and indirect effects in opposing directions. 23, 54 We found this to be the case in our mediation models; statistical adjustment increased the total and direct effects, but reduced the indirect effect ( Table 4) .
Our first post hoc sensitivity analysis (section 2.3.5.1) showed that an early change in catastrophizing did not mediate the relationship between changes in pain biology knowledge and changes in pain or function. This finding seems reasonable considering that most of the change in catastrophizing occurred between 1 and 6 months, and that pain and function started improving after the 1-month time-point (Fig. 3) . The residual change score analysis (section 2.3.5.2) showed similar results to raw change score analyses. Both of the adjusted models for change in pain and function as the outcome showed negligible indirect effects. Although the adjusted indirect effect for change in pain (as the outcome) might be interpreted as statistically significant, the close proximity of the bounds of the 95% CI (20.04 to 20.01) to zero suggest that this indirect effect is negligible. The reduction of the indirect effect from the unadjusted to adjusted models is consistent with the trend observed in the raw change score analysis. The third post hoc sensitivity analysis (section 2.3.5.3) shows that adjusting for outcome expectancy did not mask the relationship between changes in catastrophizing and changes in pain or function. The fourth post hoc sensitivity analysis (section 2.3.5.4) suggests that the inclusion of clinician attributes influenced the mediation effect through catastrophizing. We conceptualized clinician attributes as potential confounders because of their effects on key pain outcomes and psychological constructs. 3, 6, 46, 55 For example, if a patient perceived their clinician to lack empathy or have poor expertise, then this might lead to increases in catastrophizing, limit knowledge uptake, and influence changes in pain and function. However, clinician attributes (relational factors) are sometimes conceptualized as a consequence of catastrophizing. For example, Lackner and Gurtman 18 suggest that people who score high on measures of catastrophizing have personality characteristics that might impact interpersonal perception. This means that adjusting for clinician attributes could have removed the variance in the outcomes that is contributed by a likely consequence of catastrophizing. However, in our study, clinician attributes were Figure 3 . Mean % of total score for pain biology knowledge, catastrophizing, pain and function plotted across time. Table 4 Longitudinal raw change score analyses. Adjusted and unadjusted coefficients with their 95% confidence intervals. * The indirect effect quantifies how much two cases that differ by one unit on the exposure (knowledge) are estimated to differ on the outcome (pain/function) in result of the effect of the exposure (knowledge) on the mediator (catastrophizing), which in turn affects the outcome (pain/function). † Indicates a 95% confidence interval that does not include 0. measured at baseline, and are therefore more likely to be a precursor to our hypothesized mediator (change in catastrophizing between T1 and T2), rather than a consequence of it.
The different conceptions about the role of clinician attributes on the mediating effect of catastrophizing raises an interesting question as to how relational factors might confound the relationship between catastrophizing and pain outcomes, and how much relational factors are themselves dependent on catastrophizing. If one chooses to conceptualize relational factors as a potential confounder (ie, relational factors influencing changes in catastrophizing), the results would suggest that changes in catastrophizing is unlikely to mediate the relationship between knowledge uptake and pain outcomes. However, if one accepts that the variability in patients' perceptions of clinicians is a consequence of catastrophizing, it is then plausible to conclude that changes in catastrophizing is a mediator. Further work in this area could provide a more detailed conceptualization of the role of relational factors on the mechanistic role of catastrophizing.
Relevance to existing literature
This study is the first to test a possible mechanism that might underlie the relationship between pain biology knowledge and pain or function. The selection of our exposure and mediator variables was guided by previous work that demonstrated causal effects of pain education interventions in improving patients' pain biology knowledge 8, 27, 31 and reducing catastrophizing. 8, 27, 35 Our study advances the existing evidence by demonstrating that knowledge uptake causes a reduction in catastrophizing, but that changes in catastrophizing do not lead to improvements in pain or function. That we observed a direct relationship between knowledge uptake and clinically relevant changes in the outcomes (34% improvement in pain and 61% improvement in function), clearly suggests that there are other indirect pathways that have yet to be identified. Our results seem contrary to previous investigations of catastrophizing as a mediator of pain and functional improvements. 25, 60 However, most studies did not eliminate the effects of confounding. It is likely that estimates of path b (catastrophizing→pain or function) in previous studies could have been confounded as they were based on simple statistical associations without adjustment for potential covariates. 20, 24, 45, 56 Only one study 44 adjusted for age, gender, baseline values of the outcome and mediator, treatment center, and disability duration. However, even that work did not use an explicit, theoretical approach to select their covariates, introducing the risk of missing important confounders, or erroneously adjusting for variables that lie on the causal path. 14, 43 This inconsistency in the literature suggests that, although catastrophizing might be correlated with severity of pain and disability, it would seem prudent now, in light of the development of the field, to question the role of catastrophizing as a cause of these outcomes. That is, recent developments in mediation analysis state that, for causal interpretation of mediation effects, careful consideration for potential confounders is required to satisfy the "no unmeasured confounding" assumption. 39, 58 We further explored this inconsistent finding by testing our theoretical assumptions for the selection of 2 proposed confoundersexpectancy (section 2.3.5.3) and clinician attributes (section 2.3.5.4). We found that adjusting for expectancy did not influence the adjusted indirect effects, but clinician attributes did. Without adjustment for clinician attributes, the indirect effect through catastrophizing was significant (section 3.4.4). One could interpret this more consistent finding by suggesting that relational factors such as perceived clinician attributes are part of the interpersonal dimensions of a catastrophizing individual which influences interpersonal relations. Recent work by Trost et al. 53 also suggests that catastrophizing is a heritable trait, which might determine interpersonal perceptions. Another possible explanation for the discrepancy between our findings and previous work is that in comparison to more commonly used measures of catastrophizing (eg, PCS), the CATS contains items that might also reflect "worry." Yet, "worry" is an item in the PCS, and the PCS has shown to be strongly correlated with CATS (r 5 0.80). Thus, the findings of this study may suggest that only aspects of catastrophizing that reflect "worry" do not mediate the relationship between improvements in pain knowledge and improvements in pain or function.
Strengths and limitations
Strengths of this study include our theoretical approach to identifying confounding variables (with post hoc tests of our selection of potential confounders), and the temporal sensitivity analyses to test alternative causal directions of our proposed mechanism. Our mediation models and its surrounding causal structure was informed by theory and empirical evidence from laboratory and clinical studies. These attributes fulfil key methodological quality criteria for observational mediation studies (Appendix 5). 19, 25 We also prespecified a transparent analysis plan and did not deviate from our original protocol. This study also has limitations. The cohort was a selected sample of patients who were exposed to a reasonably standardized pain biology education intervention. This limits the generalizability of our findings to those who undergo similar interventions. We therefore limit the interpretation of our results to explain the mechanism underlying the association between knowledge uptake and changes in outcomes (pain and function), and cannot fully attribute these effects to pain biology education. We selected potential confounders based on a theory-driven approach that is in line with contemporary standards in epidemiological methodolgy. 13, 43 However, this approach comes with assumptions. To confidently rule out all sources of confounding, all potential confounders need to be identified and be measured without error. 15 Our DAG specified one potential variable (prior beliefs about pain) that could have exerted further confounding effects, and there is uncertainty around the measurement properties of clinician attributes and outcome expectancy.
Conclusion
Our findings show that change in catastrophizing did not mediate the effect of pain knowledge acquisition on change in pain or function. The strength of this conclusion is moderated, however, if patient-clinician relational factors are conceptualized as a consequence of catastrophizing, rather than a cause.
